Liquid phase deposition (LPD) is one of a production of oxide film, which is useful due to low reaction temperature and production cost. Previously, there have been many efforts to investigate the LPD on the flat surface in view of thickness, density, and composition of oxide film. The coating of nanomaterials using LPD was recently reported, but the mechanism of LPD on the nanostructured surface has not yet been conducted. In this work, we compared the LPD of silicon dioxide on the flat surface and nanostructured surface which is hexagonally close-packed silica beads array. We demonstrated that the nanostructured topography of surface induced local deposition of silicic acid unlike flat surface, resulting in the interesting shape of silica beads. Further, we proposed the different mechanism of local LPD between flat surface and nanostructured surface.
INTRODUCTION
Liquid phase deposition (LPD) is process to produce oxide films under aqueous conditions without the use of electrochemical methods, vacuum systems, or sensitive organometallic precursors. 1 These are considerable advantages compared to other conventional methods, such as thermal oxidation, 2 chemical vapor deposition (CVD), 3 and sputtering. 4 These conventional methods also require high reaction temperatures of up to several hundred degrees Celsius, whereas LPD can be performed at room temperature with low production costs and environmental impacts. 1 This lower temperature deposition also does not influence device characteristics and wiring reliability because of decreased thermal stress, and thus it is useful on multilevel interconnection interlayer dielectrics. [5] [6] [7] During LPD, oxides are precipitated and form thin films such as titanium oxide (TiO 2 8 and strontium titanate (SrTiO 3 .
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Silicon dioxide (SiO 2 ) thin films also may form during LPD, and these films are quite versatile and applicable to various fields. The films act as interlayer dielectrics and gate oxides in transistors, fabrication of integrated circuits (ICs), and ultra-large-scale integration (ULSI) technologies. 2 3 10 11 In addition, the films could potentially be applied as one of the chief components of optical antireflection coatings and liquid crystal display (LCD) substrates as a mask to prevent alkali ions from diffusing to the indium tin oxide (ITO) films. Until recently, LPD research has focused on the formation of the oxide film, particularly its thickness, density, and composition. Sun et al. reported that the growth speed of aluminum oxide thin films, which are deposited by chemical liquid phase deposition on semiconductors, are influenced by experimental conditions such as reagent concentration and reaction temperature. 5 They also investigated the growth mechanism of aluminum oxide thin films and propose a model for the pH-controlled deposition of Al 2 O 3 . Tsukuma et al. reported that the formation of SiO 2 films, including the film composition and properties, is influenced by silicic acids with organic functional groups. 12 The previously mentioned studies were performed on surfaces with uniform conditions and with kinetic controls on the formation of the thin film. These kinetics controls can be achieved by increasing the concentration of water or decreasing the concentration of hydrofluoric acid. The use of boric acid or aluminum metal, which act as fluoride (F − ) scavengers, can help decrease of the concentration of hydrofluoric acid. 1 13 It could be inferred that the LPD process would occur faster and with different reaction conditions on substrates with nanostructured surfaces compared to flat surfaces, because they have non-uniform conditions. Roh et al. investigated the effect of using nanometer-scale isolated structures with the selective LPD method. 5 7 14 They report that the electrical properties of the structures are excellent for isolation in ICs, and application of the selective LPD method could induce local deposition and produce the patterned film. Although application of LPD to nanostructured surfaces shows promise for improving the process speed and creating films with unique properties, there ARTICLE have been few reports in the literature investigating this technique.
In this paper, we conducted the LPD of SiO 2 on a flat surface and nanostructured surface which is SiO 2 wafer and hexagonally close-packed silica beads array, respectively. The different morpholody of surface influenced the LPD process. Compared to flat surface, the deposition reaction of silicon dioxide occurred locally on hexagonally close-packed silica beads. In addition, we obtained the anisotropic morphology of close-packed silica beads, and proposed a mechanism for the local LPD of silicon dioxide on the nanostructured surfaces.
EXPERIMENTAL DETAILS
2.1. Chemicals 98% tetraethyl orthosilicate (TEOS), 28% ammonia water (NH 4 OH), and hydrofluorosilicic acid (H 2 SiF 6 , 35%) were purchased from Sigma Aldrich. Poly(methyl methacrylate) (PMMA) C2 was purchased from K1 solution. 99% ethanol and isopropyl alcohol (IPA) were purchased from Ducksan. Fumed silica was purchased from Duksan. Si(100) substrates with a 300-nm-thick SiO 2 layer were purchased from LG siltron.
Synthesis of Spherical Silica Beads
Spherical silica beads were synthesized by Stöber method which is used hydrolysis of TEOS in ethanol in the presence of NH 3 as catalyst. 2.7 mL of 28% ammonia water and 70 mL of 99% ethanol are put in the glass flask and stirred. After stabilizing the solution, 3.1 mL of TEOS was added into the previous solution and stirred to progress hydrolysis and condensation process. Then, the silica suspension was centrifuged and washed by repeating redispersion in pure ethanol several times.
Assembly of Spherical Silica Beads
The Silicon wafer with a 300-nm-thick SiO 2 layer which was cleaned by IPA was spin-coated with PMMA, and then treated by oxygen plasma (Harrick, Plasma cleaner PDC-32G) process to make PMMA surface have hydrophilic property. On the PMMA layer, the spherical silica beads were organized using Langmuir-Blodgett method which deposited from the surface of a liquid onto a solid by immersing the solid substrate into the liquid to obtain monolayer arrays on the substrate in large-scale. At this time, monolayer assay of spherical silica beads were hexagonally close-packed because of the surface tensions.
Liquid Phase Deposition on Hexagonally
Close-Packed Silica Beads The substrate with hexagonally close-packed spherical silica beads array was heated at 200 C for 2 min to soften the PMMA, which immobilized the silica spheres to the PMMA layer. On the other hand, Liquid Phase Deposition solution was prepared as follows. First, 110 ml of hydrofluorosilicic acid and 5 g of fumed silica (SiO 2 powder were mixed and stirred at 400 rpm overnight. After stirring, undissolved silica substances in the solution were ARTICLE eliminated using a vacuum filter system. And then, deionized (DI) water were added in the previous solution with the ratio of 1:2. After preparing immediately the solution, the samples were immersed in the solution for various times. After LPD reaction, the samples were washed DI water for several times and dried by N 2 blowing.
RESULTS AND DISCUSSION
When the liquid phase deposition process progressed on the flat SiO 2 substrate at the 25 C, the silicon dioxide film was produced on the flat substrate as shown in Figures 1(A)-(C) . 5 12 15-17 At this time, the deposition reaction was below;
(1) Fig. 2 . SEM image of topography of silica beads array which processed liquid phase deposition controlling to the deposition time in LPD solution.
The size of silica beads increased by deposition reaction when LPD process started at the silica beads array, thus the shape of silica sphere was changed to hexagon. The reaction times were 0 (A), 1 (B), 4 (C), and 6 h (D), respectively. The white dashed line indicated the original silica beads. The deposition was directed toward 6-pinholes (r 2 direction), not toward adjacent silica beads (r 1 direction), and thus the shape of spherical silica beads changed to that of a hexagon. The scale bars are 1 m, and the scale bars of insets are 500 nm. AFM 3D images of the surface topography of silica beads array (E) before and (F) after the LPD process for 6 h in LPD solution.
This silicon dioxide film formation was attributed by deposition of silicic acid through dehydration reaction on the hydroxyl group of flat substrate. 1 As the deposition reaction time increased, the thickness of silicon dioxide film also proportionally increased. When the reaction time was 1 h, 4 h, and 6 h, the silicon dioxide film thickness were 23.73 nm, 33.90 nm, and 40.68 nm, respectively ( Fig. 1(D) ). This revealed that the deposition of silicic acid produced the conformal silicon dioxide film on the flat surface, and the thickness of silicon dioxide film depended on the LPD reaction time. Furthermore, the roughness of silicon dioxide film was also increased 0.91 nm, 1.82 nm, then 4.60 nm ( Fig. 1(E) ). This increased roughness of silicon dioxide film was also caused by deposition of silicic acid.
To fabricate the nanostructured surface, we first synthesized silica beads with narrow size distribution using the ARTICLE Stöber method, 18 19 and organized them into a hexagonally close-packed monolayer using the Langmuir-Blodgett method. [20] [21] [22] The LPD process progressed on the silica beads array as nanostructured surface according to the above reaction (1) . When the LPD occurred on the silica beads array with the LPD solution, this induced morphology changes of silica beads in their nanostructured surface. The silica beads became hexagonal shape and the pinholes in the silica beads array were barely visible (Fig. 2(D) ). This morphology changes of surface was attributed to the local deposition of Si(OH) 4 caused by the dehydrating reaction with hydroxyl groups on the surface of hexagonally close-packed silica beads. 1 Furthermore, the radial growth of hexagonally close-packed silica beads array can be confirmed through AFM 3D images of the surface topography before (Fig. 3(E) ) and after ( Fig. 3(F) ) LPD process for 6 h in LPD solution, which clearly showed up the disappearance of pinhole after LPD process.
In Figures 3(A) and (B), the surface topography were identified using AFM measurements of hexagonally closepacked silica beads array before and after the LPD process for 6 h. In the close-packed silica beads array, pinholes among the silica beads existed and the surface roughness of silica beads was 61.00 nm. After LPD occurred in the LPD solution for 6 h, the pinholes became filled, and the surface roughness changed to 64.19 nm. Furthermore, Fig. 3 . AFM 2D images of the surface topography of silica beads array (A) before and (B) after the LPD process for 6 h in LPD solution. (C) Surface analysis using AFM on the silica beads array before LPD process (dashed line) and after LPD process 6 h (solid line) in LPD solution. Due to the deposition of silicic acid, the bead height decreased. (D) shows the growth of silica beads radius increased during LPD process toward r 2 direction. The dashed line meant the increasing limitation of silica beads radius. the height between the peak and valley at the silica beads array changed 197.80 nm (Fig. 3(C) dashed line) to 149.18 nm (Fig. 3(C) solid line) after LPD process for 6 h. Although the deposition reaction was followed by absorption of Si(OH) 4 on the surface of silica beads, the surface roughness of silica beads remained nearly constant during the LPD process, providing strong evidence for good coating conformity. However, this deposition process induced a decrease in the average height between the peak and valley at the silica beads array. Thus, the topography curve of silica beads became fluent curves after the LPD process.
When the silica beads were grown by LPD, their growth direction can be two ways which are r 1 and r 2 . The r 1 and r 2 means the distances from the center of the silica bead to the adjacent silica bead and pinhole, respectively ( Fig. 3(A) ). The silica beads cannot grow the r 1 direction because the deposition of silicon dioxide toward r 1 direction was disturbed by adjacent silica beads, thus r 1 was equal to the radius of the silica bead (r 0 ) and was constant. The deposition was only directed toward pinholes (r 2 direction), and r 2 can increase to (2/ √ 3 r 0 which approximately 342 nm, until the pinhole among the silica beads could not decrease further (Fig. 3(D) ). According to our result, the r 2 was measured to 341.5 nm after LPD process progressed during 6 h, which approached the limitation. As a result, we obtained the distinctive morphology ARTICLE Fig. 4 . Schematic illustration of the formation for flat surface (flat SiO 2 substrate) and nanostructured surface (silica beads array). During the LPD process, the conformal silicon dioxide film was produced on the flat surface. In the other hand, the distinctive shape of silica beads was formed on the nanostructured surface because the surface topography induced local deposition reaction. The white dashed line indicated the original silica beads, and red area meant the amount of increase in silica beads.
for hexagonally close-packed silica beads using LPD process. When the reaction progressed, the pinhole size gradually decreased to being barely visible, and the shape of spherical silica beads became angular and ultimately became hexagonal after 6 h through the local LPD process on the nanostructured surface ( Fig. 2(D) ).
These phenomena indicated that the surface topography plays an important role during the LPD process compared to flat surface. Figure 4 shows the LPD progress depending on the surface topography, which can be given nanostructured surface by hexagonally close-packed silica beads array despite of equal composition of substrate. When LPD process progressed on flat SiO 2 substrate, the silicic acid deposited on the flat surface and the silicon dioxide film was produced on the flat surface. However, when the LPD process progressed on silica beads array as nanostructured surface, the silica beads morphology changed from rounded shape to hexagonal shape, and especially, pinholes in the silica beads array disappeared. We attribute this local deposition to the local distribution of silicic acid, induced by the nanostructured surface of hexagonally close-packed silica beads array. The surface topography disturbed the diffusion of silicic acid and led to locally different concentration of silicic acid. Therefore, LPD process occurred locally on the silica beads array and the interesting shape of silica beads.
CONCLUSION
In this work, we synthesized silica beads and formed nanostructured surfaces in the form of hexagonally closepacking by Langmuir-Blodgett assembly. LPD process was carried out on the flat SiO 2 surface and nanostructured surface. We demonstrated that the nanostructured topography of surface induced local deposition of silicic acid unlike flat surface, resulting in the distinctive shape of silica beads which cannot be synthesized conventional synthesis method. Further, we proposed the formation mechanism of local LPD based on the different surface topography. Furthermore, this nanostructured surface modified by a local LPD process could be useful in the bio-interface field as a substrate that influences biological systems. 23 24 
